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Abstract
Composites have seen an increasing role in aerospace structures that demand light-
weight, strong, and stiff materials. Composites are attractive structural materials
with outstanding mechanical and physical properties, as well as directional fabrica-
tion control and tailorability, though these advantages come with increased complex-
ity and challenging failure modes. Matrix-rich regions at ply interfaces especially
are susceptible to damage and matrix cracking, leading to delamination and a re-
duction of mechanical properties. Several manufacturing solutions such as stitching,
z-pinning, and braiding have been developed by the aerospace industry to provide
through-thickness reinforcement and improve interlaminar properties, though these
improvements come with concomitant reductions in important in-plane properties.
This thesis describes the design, manufacturing, and testing of woven composites
with aligned carbon nanotubes (CNTs) integrated into the bulk composite, focus-
ing here particularly on interlaminar reinforcement at ply interfaces. Implement-
ing aligned CNTs takes advantage of their scale and superior specific stiffness and
strength, with in-plane properties maintained while interlaminar properties are en-
hanced by the CNTs bridging across matrix-rich interfaces. Significant improvement
in Mode I fracture toughness is observed experimentally with over 60% increase in
both initiation and steady-state Mode I fracture toughnesses (steady-state toughness
improves from 2.1 to 3.7 kJ/m2 ). This enhancement is attributed to CNT crack-
bridging and pullout, in agreement with a first-order model, confirming the viability
of CNTs to improve composite interlaminar properties. Future work to follow this
thesis will focus on development of a vacuum-assisted infusion manufacturing process
implementation of the 'fuzzy'-fiber reinforced nano-engineered composite architecture
with alternate fiber and polymer systems, and exploring multifunctional applications
of these materials.
Thesis Supervisor: Brian L. Wardle
Title: Associate Professor
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Chapter 1
Introduction
1.1 Composites Using Carbon Nanotubes
Carbon nanotubes (CNTs) have been researched extensively since they were first
identified by Iijima in 1991 [2]. Their excellent multi-functional properties make
them attractive to a variety of applications that span numerous research disciplines
in addition to being a fascinating molecule from a scientific standpoint. For exam-
ple, the electrical conductivity of nanotubes can range from semiconductive to fully
metallic, opening up a world of possibilities in electronics where single-wall nanotubes
(SWNTs) can make conductive connections less than one hundredth of the today's
smallest wires [3]. With a Young's modulus over 1 TPa and a strength between 11-63
GPa, SWNTs have superior strength to carbon fiber and steel especially when nor-
malized by weight. While it is difficult to exploit these nano-scale properties on a
large scale, a promising route is to use CNTs to improve mechanical properties of
composites by reinforcing the polymer matrix.
The use of nanofillers like CNTs to improve matrix properties has the ability to
achieve advanced properties of filler particles at very low weight fractions. A limita-
tion of nanoparticle additives is the formation of large stress concentrations around
larger particles, which can be eased by reducing the particle size to levels as small
as CNTs. The same concept can be seen in traditional composites that consist of
combining stiff and strong advanced fibers with compliant and lightweight matri-
ces. By controlling the direction and volume fraction of the fibers, the mechanical
properties of the composite can be tailored. Weaknesses in the matrix and interfacial
bonds between the fiber and matrix, however, limit the performance of the composite.
These weaknesses in matrix and bonding properties translate to weak interlaminar
and through-thickness properties that manifest in failure modes such as delamina-
tion and matrix cracking. Nano-fillers like CNTs can improve these weaknesses by
improving matrix properties and by facilitating load transfer due to their own large
interfacial surface area [4]. The use of CNTs to improve interlaminar properties is
a promising approach to reduce crack propagation without compromising any of the
composites' in-plane properties that make composites valuable in the first place.
1.2 Overview of Thesis
The focus of this thesis is to successfully integrate CNTs into a traditional composite
to improve interlaminar fracture toughness. Previous work in our lab has developed
a process to manufacture "forests" of aligned CNTs. This has led to the development
of two hybrid CNT-fiber-matrix architectures that are specifically designed to exploit
the superior mechanical, thermal, and electrical properties of CNTs to reinforce weak-
nesses found in traditional composites. The first architecture, called 'nano-stitched'
composites, involves growing a forest of vertically aligned CNTs on a which is trans-
planted and laid between neighboring plies of prepreg. Composites formed in this
manner have billions of CNTs per cm 2 bridging the interlaminar region between two
plies similar to z-pins. The second hybrid architecture, 'Fuzzy Fiber Reinforced Plas-
tic', or FFRP, involves growing CNTs in situ, directly on surfaces of advanced fibers
(see Figure 1-1 for illustration). The CNTs form aligned forests that extend radially
from the surface of the each fiber and bridge neighboring plies to provide interlami-
nar reinforcement, as well as neighboring fibers to provide intralaminar reinforcement.
This second architecture, FFRP, is explored in this research. Numerous advantages
that come with using aligned CNTs in this manner make it an attractive and feasi-
ble method for constructing composites. Growing CNTs in situ places them in the
precise location and orientation needed for reinforcement and overcomes dispersion
issues that often result from the CNT's affinity to agglomerate when mixed with a
typical matrix. Besides providing property enhancement, the aligned CNTs assist
composite manufacturing by wicking epoxy through the forests by enhanced capillary
action. The FFRP architecture shows much promise to overcome weaknesses seen in
traditional composites.
The goal of this thesis is to extend the FFRP from a theoretical design to a full-
size ASTM-standard laminate with improved interlaminar properties. The project
can be divided into 4 main bodies of work:
1. Scaling up the CNT growth process for large-area growth in order to create
plies of sufficient size for ASTM standard laminate tests [5].
2. Implementing a Double Cantilever Beam (DCB) specimen to isolate a Mode I
fracture mode.
3. Testing a full set of control and CNT modified specimens, hereafter referred to
as 'baseline' and 'FFRP', including fracture surface characterization for Mode
I fracture and preliminarily exploring Mode II fracture.
4. Applying a first-order theoretical model to study the effects of various CNT
properties on fracture toughness.
This thesis first presents a summary of related experimental mechanical charac-
terization of CNTs and composites. Second, the development of solutions to the
above tasks and methodology of their implementation are explained in detail. Re-
sults of both the fracture toughness characterization and theoretical model are then
discussed. The thesis concludes with recommendations for future work and finishing
remarks.
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Figure 1-1: Illustration of fuzzy-fiber reinforced plastic (FFRP). (A) Radially aligned
CNTs grown on advanced fiber cloth. (B) Aligned CNTs reinforce both the interlam-
inar and intralaminar matrix regions.
Chapter 2
Literature Review
Carbon nanotubes (CNTs) have been studied for almost 2 decades for their excellent
multifunctional properties. Recent applications of these nanoscale structural members
attempt to incorporate them into traditional macroscale fiber-matrix composites for
reinforcing out-of-plane mechanical properties. Relevant work in the literature is
summarized here.
2.1 CNT Fundamentals
CNT structure and synthesis are described.
2.1.1 Chemical Structure
First described by Iijima in 1991 [2], carbon nanotubes are essentially sheets of
graphene rolled into tubes that result in excellent mechanical, thermal, and elec-
trical properties. Graphene is 2-D structures of carbon atoms covalently bonded into
a hexagonal pattern. Graphene is commonly seen in pencil graphite, which is made
up of many sheets of graphene stacked together. Each sheet of graphene is made up
of strong covalently bonded carbon atoms, while the sheets are held together by weak
Van der Waals forces, making graphite slippery and easy to separate apart. A single-
walled carbon nanotube (SWNT) is one layer of rolled graphene, while a multi-walled
carbon nanotube (MWNT) consists of several layers of rolled graphene arranged in
concentric tubes like layers of a green onion [4].
The carbon atoms in both graphene and CNTs each have 1 double bond (C=C)
and 2 single bonds (C-C) [4]. The sp2 hybridization of the hexagonal carbon networks
are the key to CNTs' high conductivity. In sp 2 hybridization, the orbitals around each
carbon atom rearrange to form 3 sp 2 orbitals that lay in the plane of the graphene
sheet, and a p orbital perpendicular to the sheet. The sp 2 orbitals of neighboring
carbon atoms overlap to form a o- bond, the strongest type of covalent bond. The
p orbitals of neighboring carbon atoms form a weaker 7r bond, where a continuous
probability region encompasses two p orbital lobes on the same side of the graphene
plane. Due to the unique arrangement of carbon atoms that each have a p orbital,
a continuous 7r bond forms between all carbon atoms that represents a continuous
probability region. The electrons in this 7r bond are free to move around within this
p cloud, making the CNT highly conductive. Local defects in the nanotube walls
disrupt the bonding structure and can also reduce conductivity.
One of the major determining factors of the properties of a nanotube is its chirality.
Chirality describes the rolling angle of the nanotube [6], as can be seen in Figure 2-1.
The resulting structure lies between 0 degrees (forming a zig-zag nanotube) and 30
degrees (forming an arm-chair nanotube), as depicted in Figure 2-2. In general, zig-
zag nanotubes are metallic while arm-chair nanotubes are semiconductors, with some
dependency on the diameter and purity [3]. Electronic properties of MWNTs similarly
can vary between semiconducting and metallic, based on the chiral angle of the outer-
most wall. As the diameter of the SWNT or outer wall of the MWNT increases,
metallic tubes stay metallic while semiconducting tubes become semimetallic [7].
2.1.2 CNT Growth Techniques
Three main methods have been developed to produce nanotubes with commercially
viable yield rates. Arc discharge involves inducing an electric shock at a carbon
source, such as by taking graphite rods connected to opposite ends of a power source
and placing them close together to cause a high-powered spark [3]. The electricity
Figure 2-1: (a) Graphene sheet where the vector A-A' specifies a chiral fiber. Rolling
the graphene and connecting A to A' forms a chiral nanotube. (b) Rendering of the
corresponding nanotube at a slight rolling angle [6]
(a) Armchair fiber (b) Zigzag fiber
Figure 2-2: Atomic arrangements of carbon atoms in the (a) armchair nanotube and
(b) zigzag nanotube [6].
vaporizes the carbon into a hot plasma that condenses into nanotubes. Although
the nanotubes are extremely pure, yield rates are typically low compared to other
techniques. Laser ablation is another nanotube manufacturing route. Similar to arc
discharge, the method uses pulsed lasers instead of electric sparks. By tuning the
temperature at the reaction site, single-walled nanotubes of desired diameters can be
produced at high yield rates, though at a high cost. The last major carbon nanotube
manufacturing route is chemical vapor deposition (CVD), which is the method used
to make aligned carbon nanotube forests in this work. This method describes any
system that involves heating a substrate in an oven and adding in a carbon source
gas that decomposes into various forms of carbon that recombine into nanotubes. A
more detailed description of the CVD process can be found in Section 3.1.1.
2.1.3 Mechanical Properties
The properties of the CNTs made by the above methods vary depending on physical
characteristics such as diameter, chirality, and wall purity. The presence of defects in
the CNT walls creates a local weakening in the wall and a point for stress concentra-
tion. From theoretical models, the Young's modulus of defect-free SWNTs have been
estimated to more than 1.3 TPa [8]. Measurements of actual mechanical properties
are difficult to obtain due to the difficulty of handling individual CNTs. Because of
this, experimental tests indicate a wide range of measured values for modulus de-
pending on the CNT type and testing procedure. Using electromechanical resonant
vibrations on arc-MWNT, moduli values between 0.7 and 1.3 TPa were measured
[9], while stress-strain measurements on other arc-MWNT yielded values of 0.27-0.95
TPa [10]. CVD-grown MWNTs were measured with a much lower modulus range of
12 to 50 GPa [11], which is expected as CVD produces CNTs with more defects than
arc-discharge. Additionally, CNTs have been demonstrated to have an extremely
high tensile strength, measured in the range of 11-63 GPa for arc-MWNT [10]. The
strength of CVD-MWNTs measure about 4 GPa, further confirming the sensitivity of
mechanical properties to the manufacturing process and severity of defects. In com-
parison, steel has a modulus of 200 GPa and a strength of 0.2-2 GPa, depending on
steel type. When considering that the density of steel is an order of magnitude larger
than CNTs, the specific strength and modulus of high-quality CNTs is favorable as
a structural element.
2.2 Polymer Nanocomposites (PNCs)
Nanoparticles are often added to polymers to change specific properties of polymers.
With low weight fraction additions, nanofillers can improve matrix properties not only
by altering average properties estimated by rule of mixtures, but also by affecting the
matrix curing process, morphology, and other aspects that have large impacts on
mechanical properties. With their low density and exceptional mechanical and phys-
ical properties, CNTs are an attractive additive to polymer nanocomposites. Though
some promising results have been seen with their incorporation, improvements have
been limited by several key processing issues. The first major issue is dispersion of
the CNTs uniformly in the matrix. As explained by Garcia [41, CNTs tend to ag-
glomerate into bundles, and techniques to separate the CNTs by sonication, surface
modification, or mixing easily damages the CNTs. Alignment of the CNTs with the
primary loading axis is also difficult to obtain even with severe processing techniques
like extrusion. Lastly, the CNTs are only able to reinforce the matrix if the ad-
hesion between the CNT and polymer is strong enough to facilitate load transfer.
Improvements in adhesion between a particular polymer and a CNT can be improved
by CNT surface functionalization, which can also adversely effect CNT mechanical
properties. A full discussion of the ramifications of these processing difficulties and
resulting matrix improvements is discussed in work by Garcia [4].
2.3 Fiber-Reinforced Plastic (FRP) Composites
Traditional laminates are designed for properties in the in-plane direction by stacking
plies of arranged fibers such as carbon, kevlar, or fiberglass combined with epoxy.
Properties in the through-thickness direction, however, remain matrix-property dom-
inated. Interlaminar properties in advanced laminated composites severely limit
the overall performance of these systems, particularly problematic are delamina-
tions caused by many sources including transverse impact. Interface damage such
as delamination can drastically reduce the overall mechanical properties of the com-
posite. Approaches to improving interlaminar properties can be divided into 3 main
categories. The first is improving mechanical properties of the matrix itself like the
polymer nanocomposites as described above. Second is modifying the large-scale fiber
architecture to reinforce or even eliminate the weak matrix-rich interlaminar region,
and third is improving bonding between the matrix and fiber to prevent failure at the
interface.
2.3.1 Architecture Modification for Mode I Toughness Im-
provement in Traditional Composites
In order to avert failure by delamination, several solutions have emerged: 3D-weaving,
3-D braiding, stitching and z-pinning, all of which reinforce the composite in the
perpendicular direction withO micron-diameter advanced fibers in bundles or pins
with lengths on the order of millimeters [12]. 3D weaving is an extension of the age-
old tradition of 2-D weaving with a loom and shuttle. Warp yarns are stretched over
a loom, and in 3-D weaving, weft yarns are passed through in multiple directions as
selected warp yarns are lifted and dropped. The resulting architecture has in-plane
fibers of 00 and 900 and binder weft yarns woven out of plane. 3-D braiding is an
alternate process of intertwining multiple fibers simultaneously without distinct warp
or weft yarns. Braiding machines bring in yarns from various angles and braid them
along a surface or a 3-D mandrel at i450, or other angles. Braiding allows great
flexibility and control over the fiber density, orientation, and final shape enabling
the production of odd shapes like I-beams with changing cross-sections in one piece.
Stitching is the most straightforward through-thickness solution and basically involves
stitching together multiple plies with a needle and thread. The major differences
between stitching and 3-D weaving is that the out-of-plane threads are added after the
plies are made, and the density of stitches can be varied. Additionally, stitching can
be applied to selective areas where reinforcement is needed, such as junctions between
multiple components. The last major type of through-thickness reinforcement is z-
pinning, where a component is laid up in its final configuration then z-pins are pushed
in perpendicular to the plies. This technique can be used with both prepreg and
dry fabric and is compatible with current prepreg and lay-up processes, allowing for
relatively easy implementation [12].
The main drawback of these solutions is that there is an unavoidable, and of-
tentimes significant, reduction of the in-plane mechanical properties due to lamina
fiber damage, stress concentration, and loss of in-plane volume fraction. In z-pinned
specimens, large through-thickness pins fracture fibers as they are punched into lam-
inates, and push aside nearby fibers kinking them out of alignment. Tensile tests
on unidirectional composites demonstrate that, depending on the areal density, more
than 40% of the strength could be lost. Compressive tests exhibit a similar result,
due primarily to misaligned tows that leads to failure of local fiber kinks spreading
into a kink band [12]. In woven composites, most comparisons of equivalent 2-D
and 3-D woven composites indicate up to a 35% drop in tensile modulus, countering
the improvements in interlaminar properties of 3-D woven materials. Similarly, most
stitched composites have decreased in-plane mechanical properties as compared to
unstitched specimens. As stitch density increases, tensile properties decrease, which
can be attributed to increased fiber breakage and misalignment of in-plane fibers.
2.3.2 Reinforcement by Fiber-matrix Interface Improvement
Another way to improve the laminate properties is to improve the interface between
the fibers and the matrix. This interface is vital for laminate fracture toughness and
strength, as the load must be transferred through the matrix from fiber to fiber.
Strengthening the fiber-matrix interface also improves fracture toughness, as failure
modes such as fiber pullout are discouraged with a stronger interface. Carbon fibers
are known to bond poorly to matrices if they are given no pretreatment. A variety
of surface modification techniques can be utilized to promote bonding such as an
intermediate sizing layer or an oxidation treatment.
Oxidation treatments promote bonding to matrices such as epoxy, where the func-
tional groups on both surfaces lead to hydrogen bonding [13]. One group, S.J. Park et
al., used plasma treatment to modify the surface of plain carbon fibers [13]. In their
findings, increased plasma treatment times increase the amount of oxygen groups on
the fiber surface until a maximum is reached at an exposure level of 30 minutes. The
wettability of a fiber can be assessed by testing the contact angle of various liquids
on the fibers as the smaller the contact angle, the easier it is for fibers to wick up a
liquid. In the case where the fibers exhibited the most amount of oxidation, the inter-
facial fracture toughness was also maximized, though to the detriment of fiber tensile
strength. Their work shows a clear correlation between an increase of functional
groups and hydrogen bonding to increased fracture toughness. Coating fibers with a
layer of polymer sizing has been shown many times to also improve the bonding be-
tween fiber and matrix, and is a common practice on typical aerospace carbon fibers
used in industry today [14]. While an interphase has been identified on the surface of
fibers when imbedded in polymer highlighting a change in matrix properties local to
the interface, the presence of sizing creates a defined and tailorable intermediate layer
with a modulus and perhaps a coefficient of thermal expansion somewhere between
the bulk matrix and the fiber [15]. This eases the stress concentration that builds up
at the boundary associated with large mismatches of modulus and thermal proper-
ties. The sizing is usually epoxy resin that not only improves interfacial properties,
but protects the carbon fiber surface during processing. Thus, surface modification
by treatment or an added sizing layer to carbon fibers can improve the fiber-matrix
interface, and may apply to CNTs as well.
2.4 Hybrid Composites and Nano-engineered Com-
posites
2.4.1 CNTs as a Nanofiller
An alternative to large-scale fibers in the z-direction for reinforcement is the use of
nano-scale particles or fibers. The use of nano-fillers allow the combination of unique
materials with traditional composites to make products with either enhanced prop-
erties or new functionalities. The use of carbon nanotubes as fillers is an attractive
approach because of their uniquely high modulus, aspect ratio, and conductivity. It
has been reported that weight fractions of CNTs as low as 0.5% can improve impact
properties, fracture toughness, and fatigue life. In these studies the improved damage
tolerance is attributed to the large interfacial area between the CNTs and the matrix
that lead to new energy dissipation routes that include fiber pullout, bridging, crack
bifurcation, and crack arresting [16).
A few groups have incorporated nanotubes into fiber composites by dispersing
them in matrices prior to infiltration, though this process is limited by viscosity of the
matrix, filtration, and associated issues. Several alternatives have been developed to
overcome the dispersion and infiltration difficulties. In one approach, electrophoresis
was implemented to deposit nanotubes over carbon fiber fabric plies [17]. MWNTs
grown to lengths of 10-20 pm were treated with nitric acid and cut into 2-6 Am
fragments while introducing carboxylic acid groups that help even dispersion in water.
Carbon fiber weave was attached to a positive electrode and placed in the CNT
suspension, attracting the negatively charged CNTs to the fiber surface and leading
to a 'uniform' deposition of nanotubes on both outer surfaces of the cloth. Composites
made by infusing resin into stacks of these coated cloths exhibited an interlaminar
shear strength improvement of 27%. This result is promising, but it is unknown how
much the nitric acid damages the CNTs and limits their potential.
An alternative solution to overcome difficulties in dispersing CNTs throughout a
composite is to grow them in situ on the surfaces of fibers, meaning they form an even
coating over the cloth from the start [18, 19]. In a technique similar to that used by
the research in this thesis, carbon fiber weave is dipped in an iron catalyst solution and
placed in a tube furnace where a CVD method is employed to grown nanotubes on the
cloth surface [20]. The result is a short, tangled mat made up of CNTs a few hundred
nanometers long solely on the outer cloth surfaces (as opposed to within the cloth
like work presented in this thesis). Fiber pullout tests were performed to determine
the interfacial shear strength (IFSS) of the carbon fiber/matrix boundary, and the
CNT coated fiber exhibited a 60% higher IFSS than a baseline fiber. A pushout
test on the CNT-grafted fibers, however, reveals a different failure mode where the
matrix remains affixed to the surface and the fiber instead fails internally just below
the surface. This failure mode highlights the significant carbon fiber degradation
that accompanies CNT growth. During CVD, at the elevated temperatures the iron
catalyst dissolves into the carbon fiber leaving small holes in the outer layers and
weakening the outer surface considerably. A tensile test was performed to confirm
the loss of mechanical integrity which amounted to a 55% reduction in tensile strength.
2.4.2 Aligned-CNT Reinforcement of Interlaminar Regions
While the addition of CNTs to interlaminar matrix regions has been shown to improve
interlaminar properties, the random orientation of CNTs at the interface limits the
potential improvement in the z-direction of the laminate. Aligning the CNTs in the z-
direction can maximize reinforcement in the weak direction. In work done by Fan et al.
[21], directional resin flow was used to preferentially orient CNTs in the z-direction.
Oxidized MWNT were mixed into a resin which was then pulled into the sample
across the through-thickness direction. Although the nanotubes were shown to be
preferentially oriented, less than 20% improvement was seen in the interlaminar shear
strength (ILSS). This result is limited by the harsh oxidative treatment that modified
the CNTs and cut them into smaller pieces followed by an hour-long ultrasonic mixing
stage. Also, this process is limited to low CNT weight fraction loadings of 1% or less
and low fiber volume to avoid entangling CNTs in the fiber mat and self-filtration.
In an approach similar to the FFRP architecture, work done by Veedu et al. [22],
aligned carbon nanotube forests are grown on the surfaces of woven SiC cloth. Fer-
rocene dissolved in xylene was the catalyst used in this procedure, and applied during
the chemical vapor deposition process just before carbon nanotube growth. The cat-
alyst was injected into a furnace at elevated temperatures and allowed to collect on
the exposed half of fibers on the outer surface of the SiC cloth. An undisclosed CVD
process was used to subsequently grow carbon nanotubes on the outer surfaces of
this cloth, which was then stacked and cured by hand lay-up (see next chapter for
CVD and hand lay-up procedures in our work). By testing one baseline specimen and
one CNT-enhanced specimen, an improvement of 348% in Mode I fracture toughness
was reported as well as enhancement of Mode II toughness and other properties. A
critical review of that work reveals that the 348% improvement reported was not for
toughness, but rather for initiation toughness (see discussion in Section 4.1.1 for the
difference). Furthermore the initiation toughness was not determined following any
clear accepted procedures, e.g. no R-curves were presented and specimen dimensions
were inappropriate. As a preliminary study without observations on repeatability,
that work indicates the promising potential of using aligned CNTs to improve inter-
laminar properties.
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Chapter 3
Fabrication and Mode I Fracture
Testing of 'Fuzzy' Fiber Reinforced
Plastics
In this chapter, fabrication of fuzzy fiber plies and FFRP laminates and subsequent
Mode I testing procedures are described.
3.1 Fabricating Fuzzy Fiber Plies
The carbon nanotubes in this work are grown in situ by a method called Chemical
Vapor Deposition (CVD). Numerous variables govern the evolution of the substrate
and gases to form aligned (indicative of high yield) forests of CNTs. Summarized
below is the current growth procedure and the approach taken in this work to develop
CNT synthesis for larger-scale FFRP fabrication (see Figure 3-1).
3.1.1 CNT Synthesis
Fabrication of the fuzzy-fiber plies that go into the Fuzzy Fiber Reinforced Plastics
(FFRP) laminates involves growing CNTs directly on fibers in an alumina fiber woven
cloth using a modified thermal CVD method developed previously in our lab [18,
Dry-Fiber
Form (CNTs
on cloth)
FFRP
5 cm
Figure 3-1: Fuzzy Fiber ply (top) and Fuzzy Fiber Reinforced Plastic (bottom).
23]. Alumina fiber is used as a model fiber due to its size and the observation that
CNT growth does not degrade the fiber [19]. To make a fuzzy fiber ply, a catalyst
solution is prepared by combining 4.04 g Iron III nitrate (Fe(N0 3)3-9H 20) and 200
mL Isopropanol with a magnetic stirrer for one hour. Alumina ceramic cloth is then
soaked in the catalyst solution for 5 minutes and dried in air for at least 8 hours. This
catalyst application method allows the catalyst to coat fibers inside the tows of the
ply, ultimately distributing CNT growth to all areas of the woven ply. This dipping
step is subject to variation depending on the conditions at which it is performed.
Typically the process is done under ambient room conditions, which can range from
23-C to 280C (73 0F to 82'F) and 20% to 70% humidity, based on measurements in
an adjacent room where the CNTs are grown. The effect of ambient conditions on
the sample quality is discussed in the next subsection. Alumina cloth plies for CNT
growth are 15 cm long, 4.5 cm wide, and 1 mm thick.
The CVD process is performed in an atmospheric pressure tube furnace, specifi-
cally a Linberg/Blue 3-zone furnace Model 55347 with a 5 cm (2") diameter quartz
tube. In the CVD furnace, the cloth is heated in a pure hydrogen environment and
held stable for 7 minutes at the growth temperature of 680 C to reduce the catalyst
to nanoparticles of iron that serve as CNT growth initiation sites. The full growth
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Figure 3-2: Schematic of CNT growth (mechanisms notional) [25].
recipe is presented in Table 3.1. With the introduction of ethylene gas, CNTs grow
in a radially-aligned morphology perpendicular to the surface of the fibers. The ethy-
lene gas serves as the carbon source, and as it travels down the hot tube, it breaks
down into various derivatives of carbon that dissolve into the iron particle. The ex-
act mechanism by which the CNT is formed is not completely understood, but the
dissolved carbon is assumed to collect on the surface of the catalyst to form a cap,
which lifts off to nucleate a CNT. As more gas travels down the tube furnace, more
carbon is dissolved into the iron and continues to feed the growing CNTs, as depicted
in the schematic in Figure 3-2. The growth process is terminated when the ethylene
source is turned off. When the growth conditions are tuned correctly, the CNTs start
growing as a tangled mat on the surface of the fiber, and as the CNTs continue grow-
ing, the mat lifts off the surface of the fiber and an aligned forest extrudes from the
surface forming a "mohawk". The aligned CNTs extend into the matrix to provide
reinforcement both within each ply (intralaminar) and between plies (interlaminar)
as shown previously in Figure 1-1. Further details of the growth process have been
published previously, including the effect of CNT length on the morphology of growth
[24]. The aligned CNTs are sufficiently long (30-50 pm) to span interply matrix re-
gions and all have the mohawk-type of morphology where the aligned CNTs group
into microscopic bundles on the surface of the fibers at lengths greater than -1 mi-
cron [24]. By growing CNTs directly on the fibers, the resulting CNT distribution is
considerably more uniform than can be achieved by other dispersion methods such
as mixing bulk CNTs into a matrix with sonication. Just as importantly, CNT align-
ment, undamaged length, and high volume fraction are established which is important
for engineering properties as well as manufacturing well-consolidated laminates [23].
Table 3.1: CNT Growth Recipe.
Gas SCCM* Time (min) Temp
Flush Tube He 2070 4 room temp
6 ramp to 650 C
Heat Tube H2  1040 7 held at 650 C
H2  1040
Growth C2H4 350 5 held at 650 C
Flush Tube He 2400 10 cool down
*SCCM = Standard Cubic Centimeters per Minute
3.1.2 Large-area CNT Growth Optimization
Previous work in our group developed and optimized a method to grow CNTs on
alumina fiber cloth in a 1 inch diameter tube furnace [24]. Samples made in this
furnace are small, about 1" x 2" in area. To produce larger samples needed for
fracture testing, the process needed to be scaled to a larger tube furnace that could
accommodate wider samples. Scaling up to a larger furnace is not a straightforward
procedure, as there are many variables in the furnace conditions and the environment
that are specific to each growth setup that aren't understood. A 1" diameter tube
furnace set up in two different locations with the same input conditions will not
produce the same CNTs. A key difference between the 1" and 2" furnaces is not
only diameter (1"-2") but also length( e.g. affecting residence time) and the ability
to better tune heating in the 2" because of 3 separate heating zones (1" has 1 zone).
To scale from the 1" to the 2" furnace, the first step was to match several key
parameters including internal temperature, gas residence time, and the hydrogen
pretreatment conditions. The internal temperature is the temperature of the gases
inside the furnaces as they move along the furnace, and is measured manually by a
thermocouple. This temperature depends on the location in the tube, the flow rate
of the gases, and the temperature of the heating coils. These were manipulated to
match the internal temperature. The residence time refers to the amount of time the
gas is heated and compositionally evolves from the moment it enters the furnace until
it reaches the sample, and this time is controlled by the total flow rate of the gases
that enter the furnace. By mimicking the temperature vs. time profile of the gas in
Figure 3-3: Sample SEM image of CNTs grown on alumina cloth with poor coverage
and no alignment.
the 1" furnace, it was expected that the gases in the 2" furnace would evolve in a
similar manner. The hydrogen pretreatment conditions include both the temperature
vs. time profile of the sample as it is heated up to the growth temperature, as well
the hydrogen flow rate profile. These conditions govern how the catalyst reduces the
hydrogen and the size and number of the catalyst particles that result. Matching the
evolution of the catalyst and the carbon source gases is the first step to growing in the
2" furnace. Initial growth trials yielded a few CNTs right away, indicating that at least
a few catalyst particles were reduced properly and some of the right carbon derivatives
were present in the furnace. These CNTs were sparse and unaligned, such as those
in Figure 3-3. A parametric study was performed to refine the growth conditions
to improve growth coverage and alignment. The primary variables controlled in the
study were sample position, H2 reduction temperature vs. flow rate profile, H2 partial
pressure, C2H4 residence time, and growth temperature.
Changes in environmental conditions bring in variables to the catalyst dip step
as well. Variability in humidity was ruled out as an influencing variable during the
dipping process by placing both the catalyst solution and the plain alumina cloth
in a desiccator and performing the dipping procedure. The resulting growth was
not significantly affected by whether the catalyst or the cloth was dried, or both.
This suggests that the day-to-day changes in humidity do not influence the resulting
CNT growth on this particular substrate. It was noticed however, that ambient
room temperature plays a role. Changes in temperature in the short term do not
have a large affect on resulting growth. The color of cloth dipped in summer months,
however, appears very light in color relative to cloth dipped in winter months coupled
with reduced growth coverage and sporadic alignment, so something in the conditions
changed dramatically. The room cooling that gets turned on every summer may have
caused these noticeable changes, and every cloth dipped after this observation was
dried in an oven at 86 F resulting in repeatable growth. Thus, when the environment
is controlled during the catalyst application process, uniform growth over entire (long)
plies 30 cm x 5 cm (12" x 2") in area has been repeatably demonstrated (see Appendix
A for uniform forest documentation).
3.1.3 Characterization of CNTs
The growth of CNTs on alumina fibers is characterized under both SEM and TEM.
As in Figure 3-4, CNTs were removed from a fuzzy fiber cloth and imaged under
TEM. Images of CNTs in TEM cannot currently be made in situ, as the materials
in question need to be a thin film, whereas fuzzy fiber plies are microscopic 3-D
structures over 1 mm thick. Instead, a piece of fuzzy fiber ply is placed in a bath
of isopropanol and gently sonicated to separate and suspend the nanotubes. A drop
of this solution is then deposited on carbon-coated copper grids, and then dried to
form a thin film. Images taken under TEM are shown Figure 3-4, which indicate a
MWCNT diameter of -14 nm with 8 walls and a typical wall spacing of 0.34 nm.
These measurements may indicate an effect of scaling up the growth process, since
nanotubes grown in the 1" furnace on the same cloth and same resultant morphology
of forests have a diameter of -17 nm. In SEM images, one can see the morphology of
CNT growth to ensure alignment and uniform coverage, as well as forest length. In
Figure 3-3, CNTs grown on the alumina fibers appear long, unaligned, and covering
about 50% of the fiber surfaces. Although many research groups strive to achieve
similar looking "excellent" results, the fuzzy fiber architecture cannot be realized by
CNTs so tangled and sparse. An example of the desired morphology is shown in
Figure 3-5, where CNTs cover the surface area of all the fibers and form mohawks
of aligned nanotubes of consistent length. See Appendix A for examples of forests
grown over a large-area sample.
Based on measurements of the CNT size and length, an approximate density of
MWNTs grown in our system can be estimated. Given a density p = 1.33 g cm- 3 for
(10,10) armchair SWNT and p = 1.4 g cm-3 for (12,6) chiral nanotubes [26] with a
corresponding radius of 0.692 nm [27], a density of 0.8 g cm-3 can be extrapolated
for MWNT with 8 walls and diameter of 14 nm grown in the 2" furnace. The length
of nanotube forests average about 40 pm, so measuring the weight gain of a ply after
CNT growth can give the number of nanotubes grown on the section of ply. From
this, the spacing between the base of the CNTs on the alumina fiber can be estimated
to be -160 nm.
3.2 Nano-engineered Composites
In this section, the materials and procedure used to manufacture nano-engineered
composites are outlined.
3.2.1 Materials
The alumina fiber cloth is commercially available 00/900 satin-weave cloth that is
~ 0.75 mm thick with an areal density of 900 g/m 2. The alumina fibers are ~
11 pm in diameter, and each tow consists of 3000 fibers, yielding a dry alumina
cloth volume fraction of approximately 65%. Alumina-polymer composites have been
studied through the years for various applications, including enhanced strength at low-
Figure 3-4: TEM images of CNTs grown on alumina fibers in 2-inch furnace (courtesy
Namiko Yamamoto).
Figure 3-5: Sample SEM image of CNTs grown on alumina cloth with good coverage
and good alignment. Fuzzy tows (left) and fuzzy fibers (right).
temperatures over glass-thermoset systems [28], and currently in integral armor [16]
concepts. Although other fibers such as fiberglass or carbon fiber are more pertinent
for aerospace applications, alumina fibers are chosen as the base composite fiber as
it is compatible with the particular CNT growth chemistry employed and because
this system was recently optimized for large-area uniform 3-dimensional growth as
described previously. Large area samples are needed for ASTM-standard Mode I
specimens, which need to be 1" by 5" after processing. Alumina can also withstand
the > 6500C growth temperature, and the CNT growth process has been shown to
not affect tensile properties of the alumina fibers [19].
3.2.2 Hand Lay-Up of FFRP Laminates
FFRP and baseline (no CNT) plies are fabricated into laminates using hand lay-up.
The matrix system used is West Systems Epoxy, Resin 105 and Hardener 206, a
common boat-building epoxy that cures at room temperature in 10-15 hours. Each
ply is placed on a sheet of guaranteed non-porous Teflon (GNPT) and epoxy is poured
over the surface. The epoxy wicks into the interior of the woven ply within a few
seconds after which another ply is placed on top. In the case of the FFRP laminate,
it has been shown in previous work that aligned CNT forests wet easily through
capillary forces that draw the polymer into the forest and wet it completely [29],
and capillary-driven wetting can be used wet an FFRP laminate [23, 30, 31]. After
plies are stacked to form the desired specimen, porous Teflon (PT), absorbent bleeder
paper, and GNPT are placed over the laminate. Both FFRP and baseline laminates
are constructed in this manner. A caul plate and vacuum are then used to provide
uniform pressure to the assembly to ensure uniform thickness. Samples are then left
to cure for at least 12 hours at room temperature with no heated cure or postcure
step. After curing, specimens are trimmed using a diamond-grit wet cutting wheel.
The resulting specimens have less than 2% void fraction in all cases (including FFRP
and baseline specimens) and a fiber volume fraction of -50%, as extrapolated from
specimen density calculations. The design of the Mode I FFRP specimens is discussed
in Section 3.3.1. Cross-sectional images of FFRP laminates taken under SEM can be
Figure 3-6: SEM image of cross-section of a polished FFRP (left) and fractured
FFRP(right). In the right image, CNTs can be seen at the fracture surface between
two neighboring fibers (courtesy Dr. Roberto Guzman deVilloria).
found in Figure 3-6. The left image is a polished FFRP laminate, while the right is
an FFRP laminate that was fractured to reveal end-on views of CNT forests around
the alumina fibers.
3.3 Mode I Fracture Testing
Outlined here are specimen characteristics and testing procedure based on recom-
mendations in ASTM D5528 [5].
3.3.1 Specimen Design
Mode I FFRP specimens (see Figure 3-7) consist of two fuzzy-fiber plies sandwiched
between two baseline plies in order to conserve the number of CNT-grown plies needed
and because the fracture behavior of interest is along the laminate centerline. A 25 pIm
thick Teflon film layer is placed along the centerline on the last 2" on one end of the
laminate to form an initial precrack. Chopped fiberglass plates (see Figure 3-7) were
bonded on both surfaces of the sample to stiffen the specimen in bending and prevent
bending failures following a technique developed to reinforce bending arms when
studying stitched specimens that have high interface toughness [32, 22, 33, 34, 35].
Mode I FFRP Specimen
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against beam bending failure
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Figure 3-7: Illustration and images of Mode I sample and design.
Table 3.2: Specimen Dimensions
Width [mm] 25.1857
COV* between samples 0.0066
COV within samples 0.0025
Thickness [mm] 3.9125
COV between samples 0.0726
COV within samples 0.0036
*COV=Coefficient of Variation.
Hinges were then attached to the fiberglass using JBWeld epoxy to facilitate load
transfer during testing. An annotated image of an FFRP Mode I specimen is shown
in Figure 3-7. The overall size of a completed specimen is 1" (25 mm) wide by 6"
(152.4 mm) long with a 2" (50.8 mm) precrack length (see Table 3.2). Six of the
FFRP laminates and four of the baseline laminates were fabricated and tested.
3.3.2 Testing Procedure
The Mode I fracture testing procedure and data reduction is based on ASTM standard
D-5528 for Mode I interlaminar fracture toughness of unidirectional fiber-reinforced
polymer matrix composites. No standard exists for woven materials, and it is common
Figure 3-8: FFRP DCB specimen being tested under Mode I loading.
to use D-5528 for woven composites, (e.g. [36]). Hinged Mode I specimens were
monotonically loaded at 2 mm/min until 100 N was reached, followed by continued
loading at 0.5 mm/min. Figure 3-8 depicts a sample during a test on an Instron
load-testing machine. Crack propagation began at the end of the 50.8 mm (2") long
Teflon layer and data was taken at the visual onset of the crack and for approximately
every millimeter thereafter. Load, crack length, and arm displacement as a function
of time were recorded. Loading is stopped once the crack has propagated 30 mm or
after a sudden load drop from an alternate significant failure. The results of these
measurements are used to determine R-curves that are used to assess toughness of
these hybrid composites using the compliance calibration method (see Section 4.1.1)
[5, 37]. Specimen fracture surfaces are then characterized by optical and scanning
electron microscopy (SEM).
Chapter 4
Results
Summarized in this chapter are the results from Mode I and Mode II tests, followed
by an investigation of CNT toughening mechanisms through an analytical model.
4.1 Mode I Test Results
Presented here are the analysis procedures are the results of the Mode I fracture
toughening tests.
4.1.1 Data Analysis Procedures
ASTM standards give alternate data analysis methods for Mode I test reduction. The
compliance calibration method calculates the fracture toughness GIc by Equation 4.1,
where a is the crack length, b is the sample width, 6 is the loading arm displacement,
P is the load, and n is a fitted exponent relating the sample compliance to crack
length. This method allows the calculation of fracture toughness without invoking
in assumptions inherent in calculating specimen modulus and compliance and is con-
sidered a conservative method. An initiation toughness is calculated using both the
visual onset and nonlinear method, whereas the steady-state toughness is easily read
directly from the full R-curve, as seen in Figure 4-1. The visual onset level is the
point at which crack propagation is first visually detected, while the nonlinear point
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Figure 4-1: General R-curve and key variables (baseline fracture data example).
indicates where the load displacement curve deviates from linear (see Figure 4-2) as
determined by fitting a line to the elastic portion of the curve. Of the two initiation
determination methods, the nonlinear point approach is considered more conserva-
tive. The steady-state toughness is taken as the maximum value of the R-curve to
eliminate ambiguity associated with deciding when the curve is considered in the s-s
region.
nP6
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4.1.2 Results
The final data of fracture toughness of both FFRP and baseline specimens is summa-
rized in Table 4.1. The inclusion of aligned CNTs cause an increase of over 60% in
the initiation toughness and an increase of 75% in the steady-state toughness. The
baseline laminate begins as a very tough system with a G,,,, of over 2 kJ/m 2, in
contrast to typical aerospace laminate systems with a G,,, of less than 0.5 kJ/m 2
[12]. Woven composite systems have an inherently higher fracture toughness than
unidirectional prepreg-based systems due to increased fracture surface area that fol-
lows the undulations of tows and weaves. Additionally, the 90' fibers act as built-in
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Figure 4-2: Load-displacement curve from DCB test depicting both nonlinear and
visual initiation of fracture for a baseline specimen.
crack arrestors and further encourage an uneven crack front [38]. The average Gc,s
of the FFRP specimens reaches -4 kJ/m 2 , placing it in the range of toughness (4-6
kJ/m 2 ) of z-pinned and stitched samples that have comparable stitch densities to the
CNTs in FFRP specimens of about 1% [39]. The CNTs in the interlaminar region
perform the same function as the z-pins and stitches by bridging neighboring fibers
and plies, essentially pinning them together, but without the devastating effects on
in-plane properties associated with fiber breaking with z-pin and stitch insertion [12].
The crack lengths needed to reach steady-state are essentially the same for both
baseline and FFRP specimens (see Table 4.1). The toughening in the curves for both
the baseline and FFRP samples is due to bridging of fibers and tows in the coarse
weave of the plies as the crack progresses (see Figure 4-3). The presence of CNTs in
the FFRP does not appear to change this toughening behavior as the crack front is
bridged by CNTs on the order of 5 pm as discussed below. The CNTs in the FFRP
add bridging toughening as well, and it can be assumed that the crack propagation
needed to reach steady-state CNT bridging is less than the large-scale fiber bridging.
This is corroborated by a small change in Aa,,, (see Table 4.1). CNTs add matrix
toughening to the FFRP samples as well, as evidenced by the increase in initiation
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Figure 4-3: R curves of Mode I fracture toughness for baseline (left) and FFRP (right)
DCB specimens.
Table 4.1: Summary Data for Mode I Fracture Tests.
Nonlinear Visual Steady-state
Alumina CNT Initiation Initiation Fracture Aao,ss
Material Vf [%] Vf [%] Fracture Fracture Toughness
Toughness, Toughness G,,., [kJ/m 2]
Gre,il [kJ/m 2 ] Gr,i_,,i, [kJ/m 2
Baseline 53 0 1.21 ± 0.07 1.27 ± 0.21 2.12 ± 0.15 4.82 mm
FFRP 50 1-2% 2.02 ± 0.32 2.07 ± 0.28 3.71 ± 0.45 4.33 mm
Change - - +67% +63% +75% -10%
fracture toughness G,,, in contrast to z-pins and stitching that do not resist crack
initiation.
The fracture surface of both baseline and FFRP specimens were observed under
an optical microscope and SEM. The optical microscrope shows that in both base-
line and FFRP laminates, the crack follows the weave undulations. Under SEM, a
nanoscale difference in the fracture surface can be observed on the FFRP samples.
The presence of CNTs at the fracture surface extending into the crack indicate bridg-
ing reinforcement. In Figure 4-4, CNTs are observed extending up to 5 Pim into the
crack in small area imaged by the SEM, indicating that the CNTs were pulled out of
the matrix and/or fractured.
On some samples, the crack propagation path diverted from the intended interface
Figure 4-4: Example SEM images of crack surfaces.
to a neighboring ply interface. Though the pre-crack interface is located between the
two middle fuzzy fiber plies, the crack tore through the FF ply to propagate along the
baseline/FF ply interface (see Figure 4-5) instead of the intended FF/FF interface.
This suggests that the interface between the two fuzzy fiber plies is tougher than an
interface with one fuzzy ply and it is favorable from an energy perspective for the
crack to bifurcate to the lower resistance interface. Furthermore, this indicates that
intralaminar resistance is also greater than the resistance at the mixed (baseline/FF)
interface. Figure 4-5 depicts the progression of ply jumping, where first cracks appear
at a neighboring interface. Both the original crack and the auxiliary (baseline/FF
interface) crack propagate simultaneously until the original crack tears through the
FFRP ply between them. The crack then continues at the weaker (baseline/FF)
interface. All test data in Table 4.1 was for specimens (or regions of specimens)
where the crack stayed at the FF/FF center interface.
4.2 Mode II Test Results
Mode II test specimens were designed following recommendations by Carlsson et al.
[37] for 4-point End-Notched Flexure tests. In 4ENF tests, a laminate is prepared 5"
long and 1" wide with a 1.5" precrack, similar to Mode I DCB specimens. Load is
applied at 4 points (see Figure 4-6) bending the specimen and propagating the mid-
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Figure 4-5: Propagation of crack between middle plies (top) and after jumping to
weaker secondary interface (bottom).
plane interlaminar crack in a shearing motion. Specimens for these tests were made
with the same design as the Mode I samples, with just one fuzzy fiber ply on either
side of the intended crack propagation path to minimize usage of fuzzy plies. These
two FF plies are sandwiched by two plain alumina layers to which fiberglass plates are
bonded to prevent bending failure. The fiberglass plates were aligned unidirectional
laminates, unlike the less stiff chopped fiberglass plates used for reinforcing the Mode
I samples.
The results of the Mode II tests indicate that this specimen design is inappropriate
for this fuzzy fiber cloth. All three of the FF specimens that were tested exhibited
the ply-jumping phenomenon seen in the Mode I results. As can be seen in Figure
4-7, as the load increases, the crack begins at the end of the precrack. Hairline cracks
appear ahead of the main crack tip along the centerline at regular intervals of - 1
mm, that correspond to the spacing of the large tows in the alumina weave. With
increased load, cracks begin to appear at an adjacent interface between one FF ply
and one baseline ply. The primary crack then tears through a FF ply and continues
Figure 4-6: Test setup for Mode II ENF evaluation.
along the weaker (FFRP/baseline) interface. For all 3 samples, this happened near
the beginning of the crack, yielding no usable data from which to estimate the Mode
II fracture toughness. This specimen design was deemed unsuitable for measuring
GIIc.
Two main features of these Mode II specimens could be addressed in future spec-
imen designs. First, the presence of a weaker adjacent interface encourages failure at
locations other than the centerline. In typical, more homogeneous specimens, failure
is intended to occur in a weak matrix at the tip of a crack, but in our specimens cracks
are initiating at the weaker interface instead of propagating at the strong interface.
Future specimens could be made with 4 fuzzy fiber plies instead of 2 to combat the
ply jumping issue. Another complicating factor to the Mode II propagation in these
specimens is the coarse weave of the alumina cloth with tows on the order of 1 mm.
The large perpendicular tows act as crack resistors, forcing any forward crack prop-
agation to take large detours around the tows. Additionally, the tow undulations
on both surfaces of the exposed interface interlock perhaps creating large resistance
against sliding. This effect of the large-scale weave could be minimized with a finer
alumina weave.
4.3 Closed-Form Solution for Mode I Aligned-CNT
Bridging Toughening
A closed-form solution for Mode I toughening with aligned CNTs was developed
by Blanco [40]. This provides a straight-forward analytical solution that allows the
comparison of the relative importance of different variables on toughening due to
vertical bridging, in agreement with similar work using a numerical implementation to
calculate stress-intensity factors [?]. Summarized here is the basic model of vertically
aligned CNTs in a nano-stitched architecture that is then extended to the FFRP
architecture.
The foundation of the model is the J-integral, as seen in Equation 4.2, that allows
microcracks
crack___
initiation
crack jumps toFF/baseline
interface
time
Figure 4-7: Crack progression in Mode II tests. Top: intermittent crack initiation
along centerline. Middle: appearance of crack at secondary ply (baseline/FF) inter-
face. Bottom: complete tear-through to secondary interface.
for the calculation of toughening once closure traction from bridging fibers is estab-
lished. The variable ii represents the crack opening at the maximum extent of the
bridged zone, u is the opening of the crack along the bridge zone, p(x) captures the
closure traction stress due to all of the bridging CNTs, and Go is the initial fracture
toughness. GR is the fracture toughness as the crack propagates, as calculated for full
pullout of the CNT from both sides of the interface (possible but unrealistic scenario).
GR equals G,, once ii reaches the whole CNT pullout length. Figure 4-8 clarifies the
key specimen variables. The closure traction p(x) comes from either the force of the
CNT being pulled out of the matrix and/or the force of breaking the CNT and pulling
the inner shells of the CNT out. The definition of p(x) for these two failure modes is
explained below.
GR(Aa) = Go + 2 jp()du (4.2)
Aligned CNTs
x
fa U(a
Figure 4-8: Illustration of vertically aligned CNT-bridged Mode I specimen [41].
4.3.1 Pullout Mechanism
As explained by Blanco [41] a linear relation is used to relate traction to crack opening,
as in Equation 4.3. This traction is developed by first considering the bridging force
from an infinitesimal element d, Equation 4.4. In this equation, x is the distance
from the crack tip, n is the number of CNTs in dx, rc is the frictional traction between
the CNT fiber and the matrix as the CNT is pulled out, and r and LCNT are the
radius and length of the CNT, respectively.
p(U)z=ap+O pU foru iy (4.3)
21rrn-re( LCNT __() <UX LQNTF(x) { 2 LCNL < u 2 (4.4)
If we consider the volume fraction of the CNTs crossing the crack plane, VCNT =
nirr2/bdx, the closure bridging traction can be rewritten, as seen in Equation 4.5a and
pictured in Figure 4-9. The J-integral, equation 4.2, is then used to find an expression
for improvement in steady-state fracture toughness, shown in Equation 4.6.
piu) = pO u
LCNT1
2
Figure 4-9: Linear bridging law for pullout of CNTs [41].
p(x) F(x) vCNTTcLCNT 2 VCNTTc (4.5a)
bdx r r
VCNTTcLCNT _ 2 VCNTTc _ P0
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This model captures the fracture toughness improvement from vertically aligned
CNTs placed across the crack propagation path, and implementing realistic values
for the material constants demonstrate the significant potential of CNTs to provide
toughening enhancement in the pullout mode. For example, if the aligned CNT forest
had characteristics of 1% volume fraction, 20 pm in length, 8 nm in diameter, -rc of
10 MPa, and an initial toughness of 0.2 kJ/m 2 , the toughness would be increased by
~ 26x [41]. This approximation serves as an upper bound to the toughening from
a certain set of forest parameters. The expected enhancement, however, is limited
by CNT strength that can induce an alternate failure mode as discussed in the next
section.
The idealized model of toughness through a vertically-aligned forest assumes the
crack propagates precisely through the middle of the CNTs, pulling out the CNT
from the matrix on both sides of the crack. While this provides an estimate for
maximum possible values of toughening that could be obtained from the VACNTs, a
more realistic scenario is pullout of half (or less) of the CNT. If we consider a crack
propagating through the forest at an arbitrary position, with the shorter side of the
CNT as Lo < LCNT/2, the force exerted on the CNT will pull free the shorter side
first, resulting in a one-sided pullout of a CNT of length LO. The improvement to the
fracture toughness in this case is summarized in Equation 4.7.
jU 1/ L2  VCNT-CLO (47
AGs,1_sided p(x)du = aLo + rp = 'CTc0
Comparing Equations 4.6 and 4.7, the AGs,1_sided is <1/2 that of the maximum
of pulling out the entire CNT (as in Equation 4.6).
4.3.2 Sword-in-Sheath Pullout Mechanism
When considering Equation 4.5a, one can see that the stress is maximum at u(x=O)
= 0, at the crack tip. The stress on each CNT at the crack tip can be calculated from
the bridging traction, as seen in Equation 4.8. In this equation, d is the distance
between two adjacent CNTs in a square array. If the maximum stress predicted for
the CNT under pullout exceeds the failure stress, the CNT will fracture before it
can be pulled free from the matrix and will undergo a sword-in-sheath failure mode.
Thus, strength of the CNTs limits the amount of toughening from CNT bridging. In
this failure mode, the outermost shell of a MWNT breaks, and the inner tubes can
be pulled out of the outer walls like a sword being unsheathed. The resistance of the
inner walls to being pulled out provides the frictional closure traction that provides
some contribution to resisting crack growth.
(a) FCNT (b) FCNT
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Figure 4-10: Mathematical modeling of sword-in-sheath mechanism bridging law. (a)
Detailed behavior including CNT elastic deformation and fracture; (b) Mathemati-
cal model after neglecting work from CNT breaking. Comparison to CNT-polymer
pullout bridging law (not to scale) [41].
LCNT,max =:p x = 0) d 2 TcLCNT (4.8)
'7TT UCNT r
The closure traction is developed in the same manner as the pullout mechanism
with a few adjustments. Figure 4-10(a) displays the mechanical model including
the initial elastic deformation, which is neglected in both the pullout and sword-in-
sheath modes to form the piece-wise linear bridging law as seen in Figure 4-10(b),
as explained by Blanco [401. The sword-in-sheath pullout model follows tests by Yu
et al. [10], which indicate a much reduced force necessary to pull out the end of the
inner CNT relative to the matrix pullout case (section 4.3.1). This is summarized by
Equation 4.9, where 6 1 = (LCNT/ 2 - 63), 62 = (LCNT/ 2 - 64), ?3 =3- pim, and 64 = 2
pm for this work. Applying the J-integral from Equation 4.2 yields the expression for
improvement in steady-state fracture toughness due to just sword-in-sheath failure,
as shown in Equation 4.10.
r ('2tV - UWx) 0 < u (X) < 61
p(x) = 27in,outVf _ (62 - u(x)) 6i < u(x) < 62 (4.9)
0 62< U(X)
AGs= 2ass6i + 3ss6 + Qss(62 - 61) (4.10)
ass = T*,ontf LCNT S Tin,outVf T _ _ _ 
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As noted above, the idealized model of toughness through a vertically-aligned
forest assumes the crack propagates precisely through the middle of the CNTs. Addi-
tionally, the solution above assumes the pullout length is larger than 3.6 pm, resulting
in an integration through all 3 parts of Equation 4.9 to find toughness improvement.
We consider again a scenario with a crack propagating through a forest where the
shorter side of the CNT, 0 < LO < LCNT, is pulled out, and can develop an improve-
ment in fracture toughness that depends on the length of LO, Equation 4.11.
asso6 i + josso2 + 'Qss(6 2 - 61) Lo > 63
AGss,1-sided = 62 64 < L, < 63 (4.11)
0 Lo < 64
The steady-state expressions for the pullout and sword-in-sheath modes can be
combined to explore the effect of CNT characteristics on the fracture toughness im-
provement attributed to the presence of the vertical CNT reinforcement, as well which
resultant failure mode transpires for a particular set of characteristic values. Discus-
sions of the model implications for vertically aligned reinforcement can be found in
Blanco [411.
4.4 Experiment-model Correlation
The closed-form solution described above captures the improvement in fracture tough-
ness of a composite with ideally vertical CNT arrays at the interlaminar interface
where all CNTs pullout a distance L,. This model can be easily adapted to approxi-
mate reinforcement from a FFRP architecture.
4.4.1 Representation of FFRP Laminate Characteristics in
Model
The variable inputs into the CNT-toughening model come in two groups. The first
are general CNT properties, that are assumed constant between the CNTs used in
our nano-stitched and FFRP architecture. Unless otherwise specified, these values
are estimated as follows:
S-rc = 30 MPa. Frictional traction between the CNT fiber and the matrix as the
CNT is pulled out, estimated from results by Lordi et al. [42] and Coleman et
al. [8].
* ri,, = 0.3 MPa. Frictional traction between CNT walls during sword-in-
sheath pullout, based on results by Yu et al [10]. Note: This is 1OOX less than
the assumed -r for pullout of the CNT from the polymer.
* UCNT,fail = 30 GPa. Failure stress of MWCNT, based on results by Barber et
al. [43], and Yu et al. [10].
The values for CNT properties are highly variable, and depend on precise manufac-
turing conditions that affect the purity, diameter, and chirality of the CNTs. The
numbers chosen above are estimated from tests performed by other groups on MWC-
NTs grown with a CVD process. The second group of model input properties are
CNT forest/laminate specific, and can be estimated by in-house analysis on the FFRP
specimens:
e G, = 2 kJ/m2 . Initial fracture toughness, take from above baseline Mode I
results.
" L, = 5,10,15 pm. Length of pulled-out CNT, correlating to the length of
CNTs extending into the crack as seen in Figure 4-4. Theoretical maximum is
the length of the CNT forests of 40 im.
" r = 7 nrm. Radius of CNTs. Estimated from TEM images of CNTs from fuzzy
plies.
of = 1%. Volume fraction of CNTs crossing the crack plane. Extrapolated from
CNT weight fraction for the FFRP specimens.
These input parameters are used to estimate fracture toughening for steady-state
crack propagation due to CNT bridging. More importantly, by varying the input
parameters, we can observe the sensitivity of the toughening model to different CNT
morphologies.
4.4.2 Comparison of Model and Experimental Results
The toughening seen in the FFRP laminates is a manifestation of multiple toughening
mechanisms, such as toughening due to the woven nature of the plies discussed above,
as can be expected due to the complex morphology of the fracture surface. The
toughening mechanisms inherent to the alumina-fiber weave and epoxy system can
be included in the predicted steady-state toughness by incorporating the toughening
in experimental baseline GIc curves. As can be seen in the representative R-curves in
Figure 4-11 lower left, there is an increase of -1 kJ/m 2 between Grc, and Gc,, of
the baseline specimen, which can be considered the upper-bound toughness increment
due to the weave. Using an FFRP initiation toughness of 1.5 kJ/m 2 corresponding
to the representative curve in Figure 4-11, steady-state toughness can be predicted
as Gic,ss = Go ±AGbaseline + AG 8s. For CNT lengths of 5 to 10 Pim, toughening from
theoretical CNT bridging approximately predicts the experimental toughening over
baseline laminates. This agrees with experimental observation of CNT pullout lengths
as seen under SEM on the order of 5 pm out of the crack surface (see Figure 4-4).
The effects of CNT pull-out length and CNT volume fraction are explored in Figure
4-11 lower right, confirming the beneficial effects of longer CNTs and higher volume
fraction. The limitations on pull-out toughening by CNT strength is delineated by
the drop in predicted fracture toughness with increased length. Improving the CNT
strength can essentially shift the critical point to the right, increasing the toughness
enhancement due to pull-out toughening. In this way, the model can be used to
calculate further improvements in toughening by engineering appropriate CNT and
CNT-matrix properties.
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Chapter 5
Conclusions and Future Work
Full-scale fuzzy-fiber reinforced plastic (FFRP) laminates reinforced with aligned
CNTs were successfully fabricated and tested with the following contributions:
1. Growing conditions in a 2" tube furnace were optimized to produce large fuzzy-
fiber (FF) cloth plies over 5 cm x 30 cm in area and ~ 1 mm in thickness.
2. Temperature conditions were established for catalyst preparation for consistent
CNT forest production.
3. FFRP laminates were manufactured and Mode I DCB specimens were developed
to assess Mode I crack propagation.
4. Mode I FFRP and baseline laminates were tested, revealing >60% improve-
ment in both Mode I initiation and steady-state fracture toughnesses for FFRP
laminates over baseline laminates.
5. Preliminary Mode II fracture data was taken that will guide future work in-
cluding specimen design.
6. A first-order analytical model was implemented to estimate toughening contri-
butions of CNTs through observed crack bridging.
The work accomplished in this thesis will be continued with emphasis in three main
areas: the refinement of an improved sample manufacturing system, assessing a broad
range of mechanical tests on samples produced with this new system to study other
3D reinforcement effects, and implementation of the FFRP laminates for multifunc-
tional applications such as structural health monitoring. Additionally, the FFRP
architecture will be applied to alternate polymer systems and other advanced fibers
(e.g. carbon fibers).
Infusion is a common manufacturing process that has been refined in our lab to
fabricate FFRP laminates as an improvement beyond the hand lay-up process used
to make all of the Mode I samples in this thesis. Infusion allows for the production
of more uniform and void-free samples with the use of RTM6 epoxy, a higher grade
(aerospace) epoxy system [30, 31] than the resin used in this thesis. In the infusion
process, all of the plies are stacked together then subjected to vacuum. The vacuum is
instrumental in two ways: (1) it removes all of the air out of the CNT forests and plies
and (2) then draws the epoxy through the sample to fill in all the spaces between the
CNTs and fibers. This epoxy system is designed with a significantly lower viscosity at
processing than the West Systems epoxy allowing for quick and effective processing.
Samples made with the infusion process have demonstrated the production of void-
free samples and improved consistency of fiber volume fractions. Future work to be
done on the infusion system will improve consistency and repeatability of the fiber
volume fraction and sample quality.
The infusion process will then be employed to manufacture samples for two groups
of tests as a first step. The first will be a rigorous study of mechanical properties
of FFRP and baseline specimens. As a direct continuation of the Mode I tests in
this thesis, the observed Mode I fracture toughness improvement will be compared to
results using infusion-processed FFRP laminates. Additionally, a variety of tests will
be performed to assess other mechanical properties such as tensile and compressive
strength and modulus, interlaminar shear strength, among others. Preliminary work
has already been accomplished in this area by testing tension-bearing specimens made
with the FFRP hand lay-up processes. All of these experiments will reveal the effect
of CNTs on the mechanical properties of woven composites.
Additionally, work will be conducted in the implementation of the FFRP ar-
chitecture for applications such as structural health monitoring (SHM) that takes
advantage of the system's multifunctional properties. Components made of FFRP
laminates benefit from the improved fracture toughness, while the improvement of
electrical conductivity permits a new and non-invasive technique for damage detec-
tion. Electrical grids patterned on the surface of laminates allow the measurement
of resistance at an array of points, and a sharp increase in resistance at a point or
collection of points indicates internal or surface damage at an easily identifiable loca-
tion. The feasibility of this approach has been demonstrated using an initial sample
set of baseline and FFRP specimens manufactured with hand lay-up [44, 45], and
a thorough study will incorporate an advanced electrical grid system with improved
infusion-processed FFRP laminates as discussed above.
Finally, this FFRP architecture will be applied to other material systems. The
growth process and infusion optimized for alumina ceramic cloth and RTM6 epoxy
will be extended to other fiber systems like Nextel fibers, a similar alumina ceramic
cloth currently used in aerospace applications. Alternate matrix systems like thermo-
plastic polymers and phenolic resins (used as ceramic-matrix precursors) will also be
explored. The tests described above and applications will bring the development of
the FFRP laminate full circle, from implementation of the fundamental architecture
[24] to full-scale laminate production and mechanical property assessment in both this
thesis and near-term future work, to demonstration of the system to critical aerospace
applications.
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Appendix A
CNT Morphology Imaging
Forests of radially aligned CNTs on alumina fiber cloth can be seen in SEM images.
Ply samples grown under the CVD conditions in Table 3.1 were imaged under a JEOL
5910 SEM, and representative images at several furnace positions are presented below.
These images show consistent CNT forest morphology, length, and coverage over the
entire area of the Fuzzy Fiber ply. "Location in furnace" refers to sample position
along the tube furnace length as measured from the middle of the heated zone. Overall
length of the heated zone is 60 cm (24").
Figure A-1: SEM images of CNTs grown on alumina fibers in 2 inch furnace. Sample
location in furnace is -4.5 inches from center. Scallbars in small images are 50 pm.
Figure A-2: SEM images of CNTs grown on alumina fibers in 2 inch furnace. Sample
location in furnace is -2 inches from center. Scallbars in small images are 50 pm.
Location in furnace: 0.5 inches
Average CNT length = 30-40 urn
Figure A-3: SEM images of CNTs grown on alumina fibers in 2 inch furnace. Sample
location in furnace is 0.5 inches from center. Scallbars in small images are 50 pm.
Location in furnace: 3 inches
Average CNT length = 30-40 urn
Figure A-4: SEM images of CNTs grown on alumina fibers in 2 inch furnace. Sample
location in furnace is 3 inches from center. Scallbars in small images are 50 pm.
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Appendix B
FFRP Laminate Imaging
Void fraction and damage propagation within FFRP Laminates can be assessed
through optical imaging of specimen surfaces. A nondestructive microCT method
to image internal features of a sample has been used to observe crack surfaces inside
specimens. This approach also allows the observation of internal voids or flaws that
may affect the crack propagation behavior. Pictured below is a ply-jumping crack
during a Mode I DCB test, followed by the corresponding crossectional image of the
crack in the middle of a tested Mode I specimen. The crack begins at the middle
interface then crosses to a weaker interface in the center of the image. A series of
cross-sectional scans can be used to form a 3-D image of the tested specimen.
Figure B-1: Mode I
line/FF) interface.
FFRP specimen with crack propagation jump to secondary (base-
Figure B-2: MicroCT enabled nondestructive subsurface imaging of ply jump internal
to the specimen.
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